The initiation and growth behavior of short fatigue cracks from the interfacial micro-notches in a SCS-6/Ti composite at various maximum applied stress levels were quantitatively characterized. Micro-notches in the interfacial reaction layer were induced by applying monotonic tensile loading prior to fatigue testing. The propagation and arrest behaviors of each individual crack were carefully monitored. An interface-controlled fatigue cracking model was used to predict several critical parameters which govern the growth behavior of fatigue cracks in the composite.
Introduction
Continuous silicon carbide fiber-reinforced titanium matrix composites (TMCs) are being considered as enabling structural materials for high temperature aerospace applications due to their high specific stiffness, strength, and improved damage tolerance. Potential applications include airframes for hypersonic vehicles and turbine engine components such as bladed rings, compressor rotors, engine shafts, and hollow fan blades [1] [2] [3] [4] [5] [6] . These applications all require a good resistance to repeated mechanical loading at room and elevated temperatures. To ensure structural reliability, a considerable amount of works has been directed toward the study of their damage mechanisms, crack growth behavior, and properties degradation under cyclic loading [7] [8] [9] [10] [11] [12] [13] [14] . However, most of the research has focused on understanding the growth behavior of long fatigue cracks. The presence of short fatigue cracks and their growth and coalescence during fatigue to form macroscopic defects in composites are of fundamental importance to the development of more a fatigue-resistant composite material. In an earlier study, Her et al. [15] have reported that the micro-notches in the interfacial reaction layer serve as the primary fatigue crack initiation sites in an unnotched SCS-6/Ti-22Al-23Nb composite with a thick interfacial reaction layer. The threshold stress intensity factor range (DK th ) for short fatigue cracks was also found to be much lower than that for long fatigue cracks in the Ti-22Al-23Nb matrix alloy. However, the propagation and arrest behaviors of short fatigue cracks in TMCs have not been studied yet.
The objective of the current work is to characterize the initiation and growth behavior of short fatigue cracks in a SCS-6/Ti-15V-3Al composite. Micronotches in the interfacial reaction layer is induced by applying monotonic tensile loading prior to fatigue testing. Meanwhile, the growth behavior of small fatigue cracks in the SCS-6/Ti-15-3 composite will be carefully monitored and compared with the growth behavior of long fatigue cracks. Finally, an interfacecontrolled fatigue cracking model will be used to predict several critical parameters which govern the growth behavior of fatigue cracks in the SiC/Ti composite.
Material and experimental procedures
The material used in this study was a 8-ply unidirectional SCS-6/Ti-15V-3Al composite. The matrix alloy, Ti-15V-3Al-3Cr-3Sn (wt.%), is a metastable ductile b-Ti alloy. The silicon carbide fiber (SCS-6) has a carbon-rich surface layer approximately 3 mm in thickness, which is designed to protect the fiber from strength degradation during composite processing. The composite panel was fabricated using a typical foil/ fiber/foil approach followed by a vacuum diffusion bonding process. The volume fraction of the SiC fibers is approximately 0.35. A brittle reaction layer was formed at the fiber/matrix interface after high temperature consolidation. The interfacial reaction products in the SCS-6/Ti-15-3 composite have been identified as TiC along the carbon coating layer, and Ti x Si y (C) between the TiC and the matrix [16, 17] . A typical microstructure of the interfacial region in the SCS-6/ Ti -15-3 composite is shown in Fig. 1a . The average thickness of the interfacial reaction layer is measured to be 2.5 mm.
Straight fatigue specimens with dimensions of 76.2× 6.35 mm (length×width) were cut from composite panels using a low speed diamond saw. The free edges of the unnotched specimens were carefully polished to 1 mm. Broken fibers near the free edges induced by machining damage were effectively removed by polishing to prevent crack initiation from broken fibers. Both face sections of the specimens were also polished in order to measure the matrix crack lengths. Prior to fatigue testing, all specimens were subjected to a monotonic tensile stress of 700 MPa to induce cracking in the interfacial reaction layer, as shown in Fig. 1b . No fiber breakage was found after the monotonic loading. The interfacial micro-notches are expected to be responsible for crack initiation when the composite is subjected to cyclic loading. Fatigue tests of the specimens were conducted in a tension-tension mode using a close-loop, servo-hydraulic Instron machine. Maximum applied stresses ranging from 380 to 550 MPa were used. All the fatigue tests were conducted using a sinusoidal wave form at a frequency of 10 Hz and a stress ratio of R= 0.1. Fatigue tests were interrupted periodically, and specimens were taken off the test machine in order to measure the crack lengths under an optical microscope (250×). The post-fatigued specimens were metallographically polished and examined under a SEM to determine the cracking paths of the composites. Fig. 2a shows the initiation and growth of short fatigue crack in the SCS-6/Ti-15-3 composite under a maximum applied stress of 500 MPa. It is evident that all the matrix cracks were found to initiate from the ruptured interfacial reaction layer. Evidently, the micro-notches in the interfacial reaction layer served as the primary matrix crack initiation sites in the unnotched SCS-6/Ti-15-3 composite under cyclic loading. Once initiated from the micro-notches in the interfacial reaction layer, fatigue cracks then propagate into the matrix as shown in Fig. 2b . Since a fiber in front of the crack tip is strong enough to withstand the local stress concentration, the crack propagates around the fiber, causing matrix cracking and fiber/matrix interfacial debonding. With intact fiber bridging the cracked matrix and partial debonding of the fiber/matrix interface, a tractional stress is induced by fiber/matrix load transfer through the post-debonded frictional stress. The tractional stress and the bridging length in the wake of the crack tip increases as the crack length increases. After the crack propagates to a certain distance, the crack will arrest if the tractional stress is high enough to eliminate the local stress intensity at the crack tip. However, once the crack length exceeds a critical length, according to the MCE model proposed by Marshall et al. [18] the crack growth rate will approach a constant because the crack tip stress inten- rated value, after which no new crack was found in the composite. It is noted that no matrix crack was found in the composite after it was subjected to cyclic loading at 380 MPa to 10 6 cycles. The saturated matrix crack spacing, defined as the gauge length divided by the quasi-saturated number of matrix cracks, as a function of maximum applied stress is shown in Fig. 3b . The result showed that the saturated matrix crack spacing increased as the maximum applied stress decreased and approached infinity (no matrix crack) at a maximum applied stress between 380 and 420 MPa. Fig. 4a illustrates the crack growth rate as a function of crack length for all matrix cracks in the SCS-6/Ti-15-3 composite under fatigue loading at 500 and 550 MPa. It was found that the crack growth rates fluctuated widely while the cracks were short, and converged gradually with crack growth. The unstable growth behavior is typical for small fatigue cracks [19, 20] , and the quasi-steady growth behavior is a characteristic for long fatigue cracks with fiber bridging in TMCs [14] . After careful examination of the crack growth curve of each crack, the transition from unstable growth to quasi steady-state growth in the SCS-6/Ti-15-3 composite was found to occur when the crack length is in the range of 600-1000 mm. Similar transition occurring at crack length of 700 mm has been reported in a Ti-6Al-4V alloy [21] . The relationship of da/dN versus DK for short cracks in the SCS-6/Ti-15-3 composite is plotted in Fig. 4b . The figure also shows the crack growth data for short fatigue cracks in a Ti-6-4 alloy. The results indicate that the crack growth rates for short fatigue cracks in the SCS-6/Ti-15-3 composite are comparable to those in the Ti-6-4 alloy when DK is small. However, when DK is high, the crack growth rates in the SCS-6/Ti-15-3 composite are much slower than those in the Ti-6-4 alloy due to the fiber bridging effect.
Results

Propagating and non-propagating of short fatigue cracks
Growth beha6iors of small and long fatigue cracks
In the quasi steady-state growth regime, due to the complex interaction between matrix cracks, the local stress intensity range at the tip of each propagating crack is different. Consequently, a distribution of crack growth rates was found in all specimens. Fig. 5 shows the distribution of quasi steady-state crack growth rates for the SCS-6/Ti-15-3 composite tested at | max ranging from 420 to 550 MPa. At | max = 500 MPa, the distribution of crack growth rates was in the range of 1-4 nm cycle − 1 and the average crack growth rate was 2.5 nm cycle − 1 . As the maximum applied stress was increased to 550 MPa, the range of the distribution of crack growth rates became broader and the average crack growth rate increased to 2.7 nm cycle − 1 . sity factor is no longer a function of crack length. As a result, fatigue cracks in the composite might grow or arrest under subsequent stress cycling depending on the local stress intensity factor range at the matrix crack tip. Fig. 2c shows the population of propagating and non-propagating cracks of the composite under various maximum applied stress levels. The results indicate that all the fatigue cracks were arrested when the maximum applied stress is below 460 MPa, while more than 90% of the cracks grow through the matrix when the maximum applied stress is above 500 MPa. The lengths of the non-propagating cracks were found to vary from 250 to 700 mm. Fig. 3a shows the evolution of matrix crack population as a function of fatigue cycles for the SCS-6/Ti-15-3 composite at various maximum applied stress levels. The results clearly showed that the number of matrix cracks increased as the number of fatigue cycles and maximum applied stress increased. However, the matrix crack population would eventually reach a satu- 
E6olution of matrix crack population
Discussion
The experimental observations clearly illustrate the initiation and growth behavior of short cracks from the interfacial micronotches under fatigue loading at various stress levels. In this section, an interface-controlled fatigue cracking model proposed by Her et al. [15] will be used to predict several critical parameters which govern the initiation and growth behavior of short fatigue cracks. In this model, the fatigue cracks are assumed to initiate from the micro-notches in the interfacial reaction layer. The first matrix crack is assumed to have initiated at some interfacial micro-notch where the maximum stress intensity factor range is formed at the tip of the notch. The development of the first matrix crack leads to the redistribution of stress fields in the matrix. A second matrix crack will develop at a distance away from the first one, where the matrix stress has built up to an extent that DK tip overcomes DK th of the matrix alloy. As the matrix stress increases from zero at matrix cracks to the maximum value at the midpoint between these two cracks along the fiber direction, the third crack would be expected to develop at the midpoint in between the cracks. Therefore, the matrix cracks will continue to develop until DK tip at the midpoint between these two cracks no longer reaches the value of DK th . The schematic illustration of the matrix crack evolution as a function of fatigue cycles is Fig. 4. (a) Crack growth rate as a function of crack length for all matrix cracks in the SCS-6/Ti -15 -3 composite under fatigue loading at 500 and 550 MPa; and (b) the relationship of da/dN versus DK for small cracks in the SCS-6/Ti -15 -3 composite and the Ti-6-4 alloy. shown in Fig. 6a . A detailed description of the analysis is given in Ref. [15] . The predicted saturated matrix crack spacing as a function of maximum applied stresses for the SCS-6/Ti -15 -3 composite is presented in Fig. 6b , where average measured interfacial frictional stress,~i, of 40 MPa and debonding length, S d of 115 mm were used [22, 23] . The predicted results agree quite well with experimental results as DK th ranging from 0.9 to 1.0 MPa m 1/2 were used. This result suggests that the threshold stress intensity factor range (DK th ) for short fatigue cracks in the matrix alloy of the SCS-6/Ti-15-3 composite may be located between 0.9 and 1.0 MPa m 1/2 . Obviously, this threshold value is much lower than reported data, 4.8 MPa m 1/2 , for Ti -15V-3Al alloy, measured under long fatigue crack growth conditions [24] . Fig. 7a and b show the effects of interfacial frictional stress and debonding length on the predicted saturated matrix crack spacing. It is clear that the variations of interfacial frictional stresses and debonding lengths result only in a minimal change on the predicted results. The saturated matrix crack spacing as a function of maximum applied stresses for the SCS-6/Ti-15-3 composite with various thickness of the interfacial reaction layer based upon DK th = 1.0 MPa m 1/2 is also predicted, as shown in Fig. 8a . All curves indicate that the saturated matrix crack spacing approaches infinity (crack density approaches zero) when the maximum applied stress is below a critical value. The critical maximum applied stress is found to decrease from 480 to 360 MPa as the thickness of the interfacial reaction layer increases from 2.0 to 3.5 mm. Similarly, a critical thickness is found in the curve of saturated matrix crack spacing as a function of the thickness of the interfacial reaction layer, as shown in Fig. 8b . The critical thickness of the interfacial reaction layer for SCS-6/Ti-15-3 drops from 1.83 to 0.72 mm as the maximum applied stress increases from 500 to 800 MPa.
The predicted results suggest that a fatigue crack will not develop from the interfacial micro-notches when the thickness of the interfacial reaction layer or the maximum applied stress is below the critical value. For a SCS-6/Ti composite, the critical thickness of the interfacial reaction layer and the critical maximum applied stress can be easily determined by this model. This information is highly valuable in guiding the design of interfacial properties and in determining the fatigue limit of the SCS-6/Ti composites.
Conclusions
1. Micro-notches in the interfacial reaction layer served as the primary matrix crack initiation sites in unnotched SCS-6/Ti-15-3 under cyclic loading. All the fatigue cracks arrest when the maximum applied stress is below 460 MPa, while more than 90% of the cracks grow through the matrix when the maximum applied stress is above 500 MPa. The lengths of the non-propagating cracks were found to vary from 250 to 700 mm. 2. The crack growth rate fluctuated widely while the cracks were short, and converged gradually with crack growth. The transition from unstable growth to quasi steady-state growth in the SCS-6/Ti-15-3 composite was found to occur when the crack length is in the range of 600 -1000 mm. 3. The saturated matrix crack spacing is successfully predicted by an interface-controlled fatigue cracking model. The predicted results agree quite well with experimental results as DK th ranging from 0.9 to 1.0 MPa m 1/2 were used. The critical maximum applied stress for SCS-6/Ti -15 -3 decreases from 480 to 360 MPa as the thickness of the interfacial reaction layer increases from 2.0 to 3.5 mm, while the critical thickness of the interfacial reaction layer drops from 1.83 to 0.72 mm as the maximum applied stress increases from 500 to 800 MPa.
